We previously published evidence that oocytes exposed to doxorubicin (DXR), a widely used chemotherapeutic agent, rapidly undergo morphological and biochemical changes via discrete effector signaling pathways consistent with the occurrence of apoptosis. In this report, we elucidated the molecular requirements for actions of this drug in oocytes. Our results indicate that within 1 h of exposure DXR causes rapid DNA damage, and commits the oocyte to cytoplasmic fragmentation by the fourth hour, followed by delayed oocyte activation and execution of cytoplasmic fragmentation. Inhibitors that interfere with oocyte activation consistently rescue cytoplasmic fragmentation, but fail to suppress DNA damage. There was evidence of depletion of Bax, Caspase-2, MA-3 and Bcl-x transcripts, suggesting that modulations by DXR caused recruitment of these maternal transcripts into the translation process. Furthermore, sphingolipids such as sphingosine-1-phosphate and ceramide modulate DXR actions by, respectively, altering its intracellular trafficking, or by sustaining the drug's contact with DNA.
Introduction
The ovulated unfertilized oocyte in several species is known to decay with time. It is now clear that this spontaneous decay process in vivo as well as in vitro involves cellular fragmentation and ultimately death. [1] [2] [3] Cytoplasmic fragmentation has also been observed in oocytes and embryos after several in vitro paradigms. 4, 5 Despite the fact that spontaneous fragmentation of the unfertilized oocyte has been documented almost three decades ago, very little is known about the cellular and molecular mechanisms governing this process.
Several reports proposed that the characteristics of cellular fragmentation in both oocytes and embryos are consistent with activation of programmed cell death. This was based on the presence of many hallmarks of the apoptotic pathways including DNA cleavage, activation of caspases, translocation of phosphatidyl serine and cytoplasmic condensation. 6 It therefore seems paradoxical that cellular fragmentation is not described in several publications detailing induced activation of apoptosis in oocytes and/or zygotes. [7] [8] [9] It is unclear in those papers whether the induction agent(s) failed to trigger cytoplasmic fragmentation or whether the researches refrained from reporting this observation. In the process of our work to elucidate the mechanisms of chemotherapy-induced oocyte depletion, we observed that doxorubicin (DXR) (anthracycline-derived chemotherapeutical agent) induces both cellular and DNA fragmentation of murine oocytes 3, 10 and thus represents an ideal model to study molecular events associated with cell death in oocytes.
In somatic cells, DXR is a potent activator of apoptosis, owing its actions to its ability to modulate several basic cell functions consequential to its: binding to DNA (by intercalation or crosslinking); generation of free radicals, leading to DNA damage and lipid peroxidation; inhibition of enzymes (helicases and toposoimerase II) important for DNA replication and transcription. Direct membrane effects have also been associated with DXR treatment. 11 All these actions profoundly affect DNA function in exposed cells; by provoking erroneous transcription and/or replication, and eventually causing demise of the cell.
Although in the majority of cell types direct mediation of DNA damage is believed to be the specific target of DXR, 12, 13 it is worth mentioning that, in some other cell types, there is the presence of specific plasma membrane receptors for this drug and evidence of membrane-mediated effects.
14 Moreover, there is also evidence for cytoplasmic action of DXR.
JNK activation, 18 Akt degradation and downregulation of the protein kinase B-dependent survival pathway. 19 Unlike the situation of somatic cells, DXR mechanism(s) of action remains for the most part unknown in female germ cells (oocytes). In our first report on DXR-mediated death of oocytes, we analyzed data on the importance of several cell death regulatory pathways using mouse knockout (KO) or inhibitor models. Those experiments confirmed the importance of Bax, Caspase-2 and ceramide, but excluded p53 and Caspase-3 as important effectors in cytoplasmic fragmentation. 3, 10, [20] [21] [22] In the current report, we attempted to further dissect some mechanistic aspects of the molecular pathways underlying cytoplasmic fragmentation of oocytes during the course of treatment with DXR, including: requirements of spindle checkpoints; exit from meiosis; analysis of gene expression; as well as the role of sphingolipids.
The data show that DNA damage and cytoplasmic fragmentation in oocytes are two independent events. Although DXR-induced cytoplasmic fragmentation is a late event, requiring de novo protein synthesis and exit from meiosis followed by oocyte activation; DNA damage on the other hand, occurs early and could not be suppressed by a variety of inhibitors of cellular fragmentation. Both cytoplasmic fragmentation and DNA damage can be prevented by interfering with DXR trafficking and/or the duration of its association with DNA; these actions appear to be mediated by the sphingolipids sphingosine-1-phosphate (S1P) and ceramide.
Results

DXR induces early DNA damage, late activation and fragmentation
In this study, as in our previous report, 10 DXR induced high rate of oocyte fragmentation (5374.8%, n ¼ 397; Po0.001), whereas spontaneous rate of cytoplasmic fragmentation was low in unexposed oocytes (6.472.5%, n ¼ 414).
Regular assessment of cellular morphology every 2 h during a 24-h period established that oocyte fragmentation was preceded by activation (exit from meiosis) of the oocyte, as determined by extrusion of the second polar body and appearance of a single pronucleus (Figure 1b) . Within 30 min from appearance of the pronucleus, ruffling of the oolema (plasma membrane) with partial fragmentation into large cellular structures was evident, followed by complete cytoplasmic fragmentation within an hour (Figure 1c) .
When oocyte classification was based on time to formation of pronuclei post-DXR exposure (16-18th hour), only the ones that activated (e.g., exhibited formation of pronucleus) underwent subsequent cellular fragmentation. The minimal time that DXR required for induction of discernable cytoplasmic fragmentation was determined to be 4 h of continuous exposure, and the incidence of fragmentation did not increase with prolonged exposure up to 24 h. The minimal period was as adequate as a 24-h time of exposure (5476.72%, n ¼ 62; compared to 5374.8%, n ¼ 397) in inducing cellular fragmentation. Lesser exposure times (1, 2 or 3 h) only elicited low levels of fragmentation (data not shown).
Interestingly, the time for induction of oocyte cytoplasmic fragmentation was longer when contrasted to the rapid onset of DNA damage, which was easily detected within the first hour of exposure (5972.54% intact DNA, 4170.47% cleaved DNA, n ¼ 43; Figure 1e ) and remained detectable through the time course of exposure (Figure 1e and f). Removal of oocytes from exposure to DXR at any time point after 6 h had no effect on the extent of DNA damage, which remained relatively unchanged beyond this hour (9275.22% cleaved DNA, 6.472.45% intact DNA, n ¼ 35) up to the end of the 24-h culture period (9573.48% cleaved DNA, 3.4170.93% intact DNA, n ¼ 52). Thus, DNA damage triggered by DXR is rapid and cannot be spontaneously repaired even after premature withdrawal of oocytes from the treatment.
Cytoplasmic fragmentation requires protein synthesis and exit from meiosis
In order to establish the cellular events required for complete execution of cell death in oocytes, we used different inhibitors known to interfere with individual components of cell cycle progression and molecule turnover. Treatment of oocytes with the RNA polymerase II inhibitor, a-amanitin (AA), had no effect on the rate of spontaneous cytoplasmic fragmentation (vehicle control (VEH) 4.571.6%, n ¼ 240; AA 4.6774.67%, n ¼ 34), or that induced by DXR (DXR 6472.92%, n ¼ 221; AA/DXR 58.376.01%, n ¼ 75). However, the protein synthesis inhibitor, cycloheximide (CHX), abrogated both spontaneous and DXR-induced fragmentation (CHX 0%, n ¼ 34; CHX/DXR 5.872.71%, n ¼ 120; DXR 6472.92%, n ¼ 221; Po0.001), indicating a need for de novo protein synthesis. Results of these inhibitory experiments are summarized in Figure 2a .
To separate the nuclear and cytoplasmic events responsible for oocyte fragmentation, we first determined whether the oocyte requires exiting from meiosis and entering a mitotic cell cycle in order to execute cellular fragmentation. Consistent with our hypothesis, destabilization of the spindle with nocodazole (NOC) did not permit the treated oocytes to exit Figure 2b ). NOC treatment blocked the oocyte in metaphase II with chromosomal plate localized on one pole (Figure 3c and d) . Therefore, depolymerization of the spindle activated a checkpoint, which prohibited the oocyte from progressing through the mitosis-like cycle, and thus prevented activation and cellular fragmentation (Figures 2b and 3d) .
To further elucidate whether additional checkpoints exist upon exiting from meiosis, oocytes were treated with an inhibitor of actin polymerization, cytochalasin B (CB). As expected, CB allowed oocytes to exit from meiosis and did not interfere with formation of pronuclei (Figure 3e and f), but it completely inhibited spontaneous and DXR-mediated cytoplasmic fragmentation (DXR 44.675.24%, n ¼ 176; CB/DXR 0%, n ¼ 56; Po0.001; Figure 2b ). As mitogen-activated protein kinase (MAPK) activity is responsible for maintenance of meiotic arrest, we explored its role in the DXR-mediated death. The mitogen-activated protein kinase kinase (MEK) inhibitor, U0126, which interferes with MAPK activity did not significantly alter response of oocytes to DXR (DXR 44.675.24%, n ¼ 176; U0126/DXR 58.771.57%, n ¼ 66; P40.05; Figure 2b ), whereas it increased (Po0.001) spontaneous rate of fragmentation (VEH 8.1873.36%, n ¼ 174; U0126 20.6872.22%, n ¼ 66; Figure 2b ).
Suppression of DXR-induced death by some of the inhibitors used in these experiments could have been achieved via rearrangements of cytoskeletal components or as a consequence of preventing DXR-induced DNA damage. Therefore, we next performed comet assays on oocytes exposed to each one of the studied inhibitors (AA, CHX, NOC or CB) without or with DXR to analyze the integrity of genomic DNA. Despite the observations that CHX, CB and NOC very efficiently obliterated DXR-induced cytoplasmic fragmentation, none of the inhibitors prevented the accompanying DNA damage (9574.8% cleaved DNA; at least 40 oocytes/group; three different experiments). Figure 2c and d shows representative comets after 24 h of incubation, respectively, with DXR or DXR þ NOC. Chromatin morphology in oocytes exposed to CB/DXR displayed condensed and shrunken morphology (Figure 3f ), but did not undergo any visible chromatin disintegration (nuclear fragmentation) as frequently observed when DXR is added alone (Figure 3b ). However, the DNA damage as determined by the comet assay was extensive (96710.12% cleaved DNA).
DXR causes depletion of transcripts for various cell death genes
The ovulated oocyte is believed to be in a transcriptionally silent stage, as chromosomes are condensed and thus inaccessible to the transcriptional machinery. Assessment of transcript level in these oocytes may therefore gives an insight into mRNA recruitment and thus may reveal the degree of their utilization. In order to determine which genes may be important players in the regulation of cellular fragmentation during the time course of DXR treatment, we proceeded to assess the accumulation of polyadenylated mRNAs in oocytes. The most dramatic differences were observed by the sixth hour of DXR exposure. In all the cases as shown in Figure 4a , we detected reduction in polyA transcript levels for Bax (B30%), Caspase-2 (B30%), MA-3 (B45%) and Bag-1 (45%). Minor to undetectable changes were documented in the levels of transcripts for Bcl-2, Bcl-w, Dad-1 and p53 throughout the treatment period (data not shown). Interestingly, transcript of Bcl-x was also downregulated (B55%), but this was only apparent by the 12th hour of exposure ( Figure 4a ). Concomitantly, appearance of Bcl-x S transcript was noted in samples exposed to DXR (Figure 4b ), although this was observed at different time points in different batches of oocytes. In order to determine whether alteration of Bcl-x L to Bcl-x S ratio can contribute to DXR-mediated death, we microinjected Bcl-x LDC (antiapoptotic Bcl-x L isoform) recombinant protein, or vehicle (buffer) into the oocytes before DXR treatment. Although baseline levels of apoptosis were not affected by elevated Bcl-x L levels, DXR-mediated death was significantly decreased by B50% (P ¼ 0.0044) following microinjection of this protein (Figure 4c ).
S1P alters intracellular trafficking of DXR in vitro
We have previously documented that S1P (a ceramide metabolite) prevents cellular as well as DNA fragmentation in oocytes exposed to DXR in vitro. 10, 20 Because sphingolipids play key roles in the regulation of several fundamental biological events including uptake and movement of molecules within the cells, 23 we next assessed the role of S1P in modulating the intracellular trafficking of DXR. By exploiting the autofluorescent nature of DXR, we monitored its accumulation in both the cytoplasm and on the chromatin by computer-aided analysis of fluorescence intensity using deconvolution microscopy. When oocytes were cultured in the presence of S1P this caused a retardation in the accumulation of DXR in the cytoplasm (Figure 5a as in the DNA (Figure 5a-c) . By 15 min of exposure, the total DXR content in the cytoplasm/per oocyte in the S1P/DXR group (n ¼ 19) was depressed by 42% (Po0.001; Figure 5c ) relative to DXR treatment alone (n ¼ 20). Furthermore, there was also depressed accumulation of DXR on the DNA by 68% (S1P/DXR, n ¼ 10; Po0.001; Figure 5c ). After 120 min of exposure, S1P still continued to significantly retard the accumulation of total DXR in the cytoplasm by 20% (n ¼ 19; Po0.05; Figure 5c ), but was no longer effective at preventing its binding to DNA.
To rule out the possibility that S1P protection of oocytes from DXR-induced death was not just an in vitro response, we explored the efficiency of this compound under in vivo conditions. Quantitative assessment of the ovarian follicle pool, based on follicle counts, showed that a single intrabursal injection of S1P, given 3 h before DXR treatment, partially protected the primordial follicle pool from chemotherapyinduced death (Figure 5d ).
Ceramide facilitates DXR actions by sustaining DXR/DNA contact
To assess the functional role of ceramide in DXR trafficking and/or retention, we examined oocytes of ASMase-null mice, which are chronically deficient in ceramide generation. 24 Previously, we have also shown that oocytes from these mice are resistant to DXR-induced cellular as well as DNA fragmentation. 20 Surprisingly, oocytes of ASMase-null mice internalized DXR faster (295.0373.64 relative fluorescence units (RFU) in the cytoplasm, n ¼ 30; Po0.001; Figure 6b ) than wild-type (WT) oocytes (110.773.29 RFU in the cytoplasm, n ¼ 30; Figure 6a ). By 15 min of exposure, DXR was mostly localized to the chromatin in the KO oocytes (476.9376.56 RFU in DNA, n ¼ 30; Po0.001), whereas only one-third of the DXR fluorescence could be detected in the chromatin of WT (12873.27 RFU) oocytes (n ¼ 30). After 120 min upon DXR removal, there was no difference in the amount of drug remaining in the cytoplasm of KO and WT oocytes. However, DXR was barely detectable on the chromatin of KO oocytes (63.6371.6 RFU in DNA; n ¼ 30; Po0.001; Figure 6d ) in comparison to 442.6778.37 RFU in the WT oocytes (n ¼ 30; Figure 6c ). Thus, oocytes from WT mice retained DXR on the chromatin for up to 24 h despite the brief exposure to this drug.
Discussion
Our results not only clearly indicate that, DNA damage and cytoplasmic fragmentation are two distinct events leading to cell death but also that, both have differential molecular requirements. As both of these hallmarks of cell death occurred sequentially during exposure to the same factor (DXR), it could be assumed that they are regulated by shared molecular pathways. However, based on our data this does not appear to be the case, because DNA damage was almost instantaneous, while the decision to undergo cytoplasmic fragmentation required at least 4 h of DXR exposure. Considering that the incidence of fragmentation did not increase beyond 4 h of exposure to DXR, we reached the conclusion that commitment to cellular fragmentation occurred around the fourth hour of oocyte exposure to the drug.
Before the initiation of oocyte fragmentation, its activation was necessary, an observation that was made possible by regularly assessing the status of the oocytes every 2 h. However, oocyte activation was not completely synchronous, as individual oocytes continued to enter activation status from the 16th hour until the 23rd hour postexposure to DXR. This inclination probably reflects the maturity stages of the follicles at the time of cycle synchronization.
Interestingly, it is also clear that female gametes do possess late checkpoints for DNA damage. These checkpoints are only activated after exiting from meiosis, as oocytes with highly fragmented DNA are capable of completing meiosis, extruding polar body, decondensing into normally appearing pronucleus, and only then commit suicide. These observations are in agreement with previous reports, which described similar behavior by oocytes that sustained DNA damage. 25 We also point out that chromatin behavior is also likely regulated by two distinct pathways, one orchestrates DNA damage and the other facilitates nuclear fragmentation. This theory is based on the observation that whereas chromosomes exhibited DNA damage, which could not be prevented by NOC and CB, chromatin disintegration (nuclear fragmentation) was completely inhibited by these compounds. These observations are also consistent with the existence of two independent events regulating nuclear breakdown in rat blastocyst exposed to high levels of glucose. 26 With respect to molecular pathways responsible for governing cell death decisions, it is clear that the oocyte is unique, as it is the only cell in the mammalian body arrested at Figure 6 ASMase-null oocytes exhibit altered DXR/DNA retention. In comparison to WT oocytes (a), accumulation of DXR in the cytoplasm was faster in oocytes lacking ASMase (b); 15 min after initiation of culture. Surprisingly, while WT oocytes retained DXR bound to DNA 2 h after withdrawal (c), DXR failed to remain attached to chromatin in ASMase-null oocytes (d) the metaphase II of meiosis. The inhibitory studies revealed that in our in vitro oocyte model, de novo transcription is not required for activation of cytoplasmic fragmentation; however, de novo protein production was mandatory as treatment with CHX completely abrogated induction of cytoplasmic fragmentation. As it has been previously determined that CHX becomes ineffective during later time points of treatment, 27 it is likely that proteins required for the activation of fragmentation are synthesized within the early stages of exposure to DXR. This is consistent with our observation that 4 h of minimum exposure to DXR is required before commitment to death pathways. Moreover, these observations also suggest that cytoplasmic fragmentation in oocytes is regulated by maternal products accumulated during oogenesis.
A lack of transcription coupled with the necessity for de novo protein synthesis led us to speculate that availability of transcripts for genes that are required for cell death in the oocyte are altered during the time course of DXR treatment. The results suggest that the decrease in the polyA transcript levels may reflect utilization of these transcripts in protein turnover. This picture would be consistent with the increased accumulation of cell death inducing proteins associated with commitment to death in somatic cells, 19 and in germ cells with advanced age. 24 Recently, we have also showed that injection of recombinant Bax protein into healthy oocytes triggers fragmentation, 20 confirming the importance of this protein in controlling the survival rheostat in ovulated oocytes. Thus, depletion of polyA mRNA for Bax and Caspase-2 by the sixth hour after DXR exposure, preceded by commitment to fragmentation by the fourth hour of treatment, corroborated the observed natural set of events leading to death in treated oocytes.
We also evaluated gene transcripts whose importance in the oocyte fragmentation is presently unknown. Of these, we find it interesting that total Bcl-x levels appeared reduced by the 12th hour time point, accompanied by a switch in isoform splicing, resulting in expression of Bcl-x S . We have previously shown upregulation of Bcl-x S transcript in some murine oocytes/zygotes undergoing spontaneous fragmentation in vivo; and in human fragmented embryos in vitro. 28, 29 Variable increase in the Bcl-x S transcript in the DXR-treated groups could be explained by the asynchrony of the oocytes in the induction of cell death pathway; this was reflected by lack of synchrony in cytoplasmic fragmentation, and as explained earlier, it was initiated by some oocytes as early as the 17th hour, and as late as 24 h post-DXR exposure. Such degrees of deviations are expected, as we used an outbred mouse strain, and consequently there is bound to be a certain degree of variability in the 'genetic make-up' among individual oocytes. We were therefore not surprised to detect variable proportions of Bcl-x L and Bcl-x S in the different pools of oocytes. As the oocyte accumulates maternal untranslated RNAs, the mechanism of Bcl-x S transcript increase is most likely due to regulation of Bcl-x pre-mRNA splicing and not due to de novo transcription, since transcriptional inhibitors were not capable of suppressing oocyte death. Switching the ratio in favor of Bcl-x L appears to be critical for the oocyte to survive the DXR insult. Further studies addressing the importance of Bcl-x splicing in the activation of oocyte and embryo fragmentation are currently ongoing in our laboratory.
It is also important to note that, not all transcripts were altered after DXR exposure. Lack of p53 transcript recruitment observed in the present study as well as its dispensability in the DXR-mediated death reported previously, 10 further supports the hypothesis that, other members of p53 surveillance proteins may be involved in DXR modulations. Discovery of two other p53 family members (p63 and p73) which share many molecular features of p53 apoptosis induction makes these molecules excellent candidates for modulating DXRmediated death pathways in oocytes.
During the course of the studies to decipher DXR effects on germ cells, we explored innumerable chemicals as antagonists of the drug effects, but so far, S1P is the only compound able to block both cellular and DNA fragmentation. 20 In the current study, we show that cellular uptake and DNA retention of the chemotherapeutic drug are both impaired by interfering with intracellular levels of ceramide following treatment with its biological inhibitor S1P, or by knocking out ASMase. Thus, this scenario emphasizes the significance of phospholipids, particularly ceramide, as important regulators of these two cellular processes. Even so, further experiments are needed to fully determine the trafficking patterns of DXR without or with S1P. This would rule out the possibility that quenching of DXR fluorescence, a concern in the present studies, was not due to the interaction of the chemotherapeutic drug with lipids or other molecules in the intracellular environment. 30 The observations we made using fluorescence microscopy in the present experiments also indicate that, the cytoplasm and chromosomal DNA of both DXR-sensitive (WT) and -resistant (ASMase-null) oocytes are primary targets for DXR. Moreover, early interference with either DXR uptake or DNA retention is crucial for the prevention of DNA damage induced by DXR. Nevertheless, the time that DXR is retained on the DNA appears to be more critical than its cytoplasmic localization in eliciting the relative drug effects. This is illustrated in the DXR-resistant ASMase-null oocytes, which after 2 h beyond removal from DXR possessed almost undetectable levels of the drug on the DNA, whereas they maintained considerable amounts of the chemotherapeutic drug in the cytoplasm. This faster efflux of DXR from the DNA in the ASMase-null oocytes when compared to WT oocytes, likely protects their DNA from damage, as these oocytes do not exhibit comets, even after 24 h of continuous exposure to the chemotherapeutic drug. 20 These results are in agreement with studies in other cells where it has been shown that sensitivity to DXR is directly related to the nuclear localization of the drug 12, 13 and slower release from this site. 31 Although a longer residence time of DXR on DNA might be desirable to increase toxicity to tumor cells, a display of overly high affinity and slow dissociation may also cause irreversible DNA damage in normal cells and loss of selectivity for tumor cells. Formation of relatively long-lasting DXR/DNA associations in WT oocytes might explain why in vivo, female germ cells are unselectively killed by the secondary effects of some chemotherapeutic chemicals.
In some cells, resistance to chemotherapy is usually accompanied by higher expression of P-glycoprotein (P-gp), which pumps cytoplasmic drug out of cells as it is released from the DNA. 32 However, it is unlikely that this protein played a role in the current experiments, as there is no statistical difference between WT and null oocytes in the levels of DXR remaining in the cytoplasm 2 h after the drug's removal. It is not possible to compare our results to any previous work, as, to our knowledge, there are no published data on the levels of P-gp in ASMase-null oocytes.
Hence, based on our data we propose that ceramide might be directly interacting with DXR and helping it to maintain contact with the DNA, long enough until the activation of nucleases is sufficient. As cytoplasmic 33 and nuclear localization of ceramide have been previously documented, 34 we hypothesize that once inside the oocytes, DXR takes residence in the cytosol, binds to ceramide (if present), and ultimately it (DXR) or its derivative(s) is transported to the nucleus where again complexing with ceramide enhances its association with the DNA. As there is published evidence 35 of the possible modulatory role of other lipids (e.g., sphingomyelin) in DXR mediations, we cannot exclude their contribution to the DXR pathway in this model. Experiments in our laboratory are currently in progress to address the molecular mechanism(s) involved and the impact on the intracellular trafficking/retention of DXR; investigations that ultimately may enhance our understanding of drug resistance and sensitivity.
Collectively the data show that DNA damage and cytoplasmic fragmentation in oocytes are two independent events. Although DXR-induced cytoplasmic fragmentation is a late event requiring de novo protein synthesis and exit from meiosis followed by oocyte activation, DNA damage on the other hand, occurs early and could not be suppressed by the tested inhibitors of cellular fragmentation. Both cytoplasmic fragmentation and DNA damage can be prevented by interfering with DXR trafficking and/or the duration of its association with DNA; these actions appear to be mediated, within a 2-h window, by the sphingolipids S1P and ceramide, respectively.
Materials and Methods
Animals
For all experiments except those involving in vivo treatment with DXR, or ASMase-null oocytes, female ICR mice were purchased from Taconic (Germantown, NY, USA) at 6-8 weeks of age. For the S1P treatment in vivo, C57BL/6 females 6 weeks of age were purchased from Charles River Laboratories (Wilmington, MA, USA). The generation and genotyping of ASMase mutant and WT mice has been detailed previously; 20 we continue to breed the mice at our animal facilities by mating heterozygous animals. All experiments involving animals described herein were reviewed and approved by the institutional animal care and use committees of Massachusetts General Hospital and MSU.
Oocyte collection and culture
Female mice were superovulated with 10 IU of equine chorionic gonadotropin (Professional Compounding Centers of America, Houston, TX, USA) followed by 10 IU of human chorionic gonadotropin (hCG; Serono Laboratories, Norwell, MA, USA) 46 h later. Mature oocytes were collected from the oviducts 16 h after hCG injection. Cumulus cellenclosed oocytes were denuded of cumulus cells by a 1-min incubation in 80 IU/ml of hyaluronidase (Sigma, St. Louis, MO, USA), followed by three washes with culture medium.
All cultures were carried out in human tubal fluid (Irvine Scientific, Santa Ana, CA, USA) supplemented with 0.5% bovine serum albumin (fraction V; Gibco-BRL Life Technologies, Grand Island, NY, USA). Oocytes were cultured in 0.1 ml drops of culture medium (10 oocytes/drop) under paraffin oil (Speciality Media, Phillipsburg, NJ, USA), and incubated for up to 24 h at 371C in a humidified atmosphere of 5% CO 2 -95% air. The oocytes were assigned to treatment groups as planned, and incubations performed without or with freshly made DXR (200 nM; Alexis Biochemicals, San Diego, CA, USA) or with various inhibitors as described later. Oocyte morphology was evaluated 24 h later. In a separate set of experiments, we determined the minimal time of exposure DXR required for eliciting cytoplasmic fragmentation. Oocytes were placed in medium containing DXR as described earlier; but, were removed after 1, 2, 3, 4, 5, 6 and 8 h of culture, washed thoroughly, and incubation continued in medium alone. Occurrence of cytoplasmic fragmentation was scored every 2 h for a total of 24 h from the start of drug exposure.
Inhibitor studies
In order to establish molecular requirements of DXR-mediated cytoplasmic fragmentation, we used several inhibitors of basic cellular functions. First, we determined whether oocytes contain all the necessary protein machinery to undergo cellular fragmentation upon exposure to DXR; for that we performed a series of experiments pertaining to: inhibition of transcription (AA, 100 mg/ml); inhibition of translation (CHX, 20 mg/ml); spindle destabilization (NOC, 10 mM); and inhibition of actin polymerization (CB, 5 mg/ml). Lastly, we used the MEK inhibitor (U0126, 10 mM) to determine to which extent abrogation of MAPK signaling affects rates of cytoplasmic fragmentation upon exposure to DXR. In all cases, the appropriate inhibitor was added to the oocyte cultures 30 min before DXR. Each experiment was performed at least three times. All reagents were obtained from Sigma (St. Louis, MO, USA), unless otherwise stated.
Characteristics of apoptosis
At the end of the culture period, the oocytes were fixed, stained and evaluated, as detailed previously. 3, 10, [20] [21] [22] We focused on describing characteristics of apoptosis: mainly morphological changes (e.g., condensation, budding and cellular fragmentation) and biochemical alterations (i.e., DNA cleavage using Comet Assay Kit, Trevigen, Gaithersburg, MD, USA). Analysis of the comets to generate quantitative data was performed using a computer-based program (Duty et al. 36 VisComet; Impuls Computergestutzte Bildanalyse GmbH, Gilching, Germany). The percentage of oocytes that underwent apoptosis out of the total number of oocytes cultured per drop in each experiment was then calculated.
Transcript status
Oocytes completely denuded of any cumulus cells were harvested right after collection (T0) or after culturing for 6, 12, and 24 h in medium alone (control) or in the presence of DXR. Gene expression was determined by a quantitative reverse transcription-polymerase chain reaction (RT-PCR)-based assay as detailed previously. 28 Briefly, cDNAs derived from pools of five oocytes were amplified as described by Brady and Iscove. 37 Each time point was replicated 5 times. The amplified material was then analyzed by hybridization of dot blots with cDNA probes radiolabeled by randompriming, followed by quantitation of signals using a phosphorimager and a calibrated [ 14 C] microscale (Amersham, Canada) for correcting times of exposure. Every sample was normalized against b-actin mRNA levels.
Our survey included genes that have been previously implicated in the regulation of oocyte cytoplasmic fragmentation triggered by DXR, such as Bax and Caspase-2; genes dispensable for this pathway, p53, as well as genes whose functions were not directly assessed so far (Bcl-x, Bcl-w, Bag-1, MA-3).
The cDNA probes (bcl-w, bcl-2, bag-1, caspase-2, MA-3) were either donated from outside laboratories, or were cloned using probes recognizing the coding regions of bcl-x, bax, p53. 28 For the latter, we used an oligo dT primed extra embryonic ectoderm cDNA library derived from d 7.5 murine embryos. 28 As Bcl-x can be alternatively spliced into two proteins (Bcl-x L and Bcl-x S ) with opposite functions, we also assessed the proportion and ratio of these variants at each time point. Briefly, we performed RT-PCR with specific primers spanning the alternative splice site of the bcl-x gene. 38 Aliquots of five oocytes were removed at harvesting, and after 6, 12 and 20 h of DXR exposure. Each aliquot was lysed in 50 ml of GT solution, and total nucleic acid was recovered by ethanol precipitation using glycogen as a carrier, and RT-PCR was then performed as previously described. 28 Each PCR cycle consisted of denaturation at 951C for 60 s, annealing at 561C for 60 s, and extension at 721C for 90 s. The expected sizes for the amplified products were 760 bp for Bcl-x L and 550 bp for Bcl-x S . To confirm the identity of amplified products, Southern blot analysis was performed with a radiolabeled cDNA probe recognizing the shared coding region of both splice variants.
Microinjection of oocytes
Microinjection needles and holding pipettes were made using a Sutter puller (Sutter Instruments, Novato, CA, USA) and a De Fonbrune Microforge (EB Sciences, East Granby, CT, USA). The microinjection needles had inner diameters of 5 mm with blunt tips. Recombinant Bcl-x LDC , 39 kindly donated by Dr. Newmeyer, was dissolved in microinjection buffer to a concentration of 1.5 mg/ml and was aspirated into the needle by negative suction. The protein suspension or buffer (B6 pl per oocyte) was injected into oocytes using a Piezo micromanipulator. Oocytes that did not survive the microinjection procedure (routinely about 30%) were discarded, and the remaining oocytes were randomly allocated into control or DXR treatment group. Assessment of apoptosis was performed 24 h later.
S1P experiments in vivo
Young adult (6 weeks of age) female mice were anesthetized, and a dorsal incision and approach were used to retrieve the ovaries. Vehicle (5 ml of PET: 5% polyethylene glycol, 2.5% ethanol and 0.8% Tween-80) was injected into the bursa of one ovary of the pair, and 5 ml of a 2-mM stock solution of S1P (Biomol, Plymouth Meeting, PA, USA), prepared in PET, was injected into the bursa of the contralateral ovary. Based on an estimated bursal cavity volume of 50 ml, the final concentration of S1P in the bursal cavity would have surmounted to approximately 200 mM. The ovaries were returned to the peritoneal cavity, the incisions were sutured, and the mice were allowed to recover for 3 h before receiving a single intraperitoneal injection of DXR (5 mg/kg BW). After 24 h, ovaries were collected, coded and processed for histomorphometric evaluation of nonatretic oocyte-containing follicle numbers as previously described. 20 DXR trafficking in the presence of S1P in vitro Mature oocytes were collected as described above. To assess the role of S1P in the intracellular trafficking of DXR, oocytes were cultured with DXR (200 nM) or with S1P/DXR (S1P, 10 mM) for up to 2 h, and then fixed with 4% formalin at various times: 15 or 120 min after exposure. These were stained with DAPI (Sigma) and then viewed on a deconvolution fluorescence microscope. The oocytes were serially scanned, and 10 optical sections were analyzed using DeltaVision software (Applied Precision Inc., CA, USA) as previously described. 40 As DXR is autofluorescent, the total red fluorescence in the cytoplasm and on chromosomal plate was determined in each section. Average fluorescence from all sections, expressed in RFUs was calculated and presented as a ratio of red/blue (DXR/chromatin content) per oocyte in each group. RFU are arbitrary values for fluorescence intensity, as determined by DeltaVision software. As fluorescent intensities vary from experiment to experiment, the average relative fluorescence for oocytes treated with DXR alone in any given experiment was determined first; this was then considered as 100% and subsequently values for oocytes treated with S1P þ DXR in that experiment were expressed as relative percentages. Results from individual experiments were pooled.
DXR trafficking/retention in oocytes from ASMasenull mice
To assess the functional role of ceramide in DXR trafficking/retention, we examined oocytes from ASMase-null mice, which are chronically deficient in ceramide generation. 24 Mature oocytes were collected from ASMasenull and WT females as described above. Oocytes were incubated with DXR for periods up to 1 h; at this time the oocytes were transferred to fresh medium (w/o DXR) and the incubation was allowed to proceed for another 2 h. Oocytes were fixed at various times: 15-120 min after exposure, stained with DAPI (Sigma) and then viewed on a fluorescence microscope. As DXR is autofluorescent, the total red fluorescence in the cytoplasm and on chromosomal plate was determined for each oocyte in the section where the DNA was fully in focus. Average fluorescence, expressed in RFU, in the cytoplasm or in the DNA at each time point was calculated for every genotype. As fluorescent intensities vary from experiment to experiment, three replicates of the experiment were performed the same day within a period of 2 h. The same aliquot of DXR was used for all replicates.
Statistical analysis
All experiments were independently replicated at least three times with different sets of mice. The combined data from the replicate experiments were subjected to a one-way analysis of variance followed by Scheffe's F-test, Fisher's exact test or Student's t-test. The results were considered statistically significant at Po0.05 (*) or at Po0.001 (**). The data in graphs represent the mean7S.E.M. of the combined data.
